A novel biosorbent was prepared by chemically grafting polyethylenimine (PEI) on the fungal biomass of Penicillium chrysogenum through a two-step reaction. The PEI-modified biomass was found to possess zero zeta potential at pH 10.4. Owing to the protonation of amine groups on the biosorbent surface, the biosorbent is favourable for the removal of anionic arsenic species in water. The sorption capacity for As(V) at pH 3 increased by 5.7-fold after surface modification. The sorption performances including kinetics and isotherm were investigated and several models were used to describe the experimental data. The pseudo-second-order model described the kinetic data better, while the Langmuir equation was the better model to fit the isotherm data. The corresponding thermodynamic parameters for As(V) and As(III) sorption were also calculated.
Introduction
Arsenic is known to be a hazardous pollutant in ground and surface waters which can cause a variety of diseases including arsenical dermatitis, heart disease and skin cancer (Katsoyiannis and Zouboulis, 2002) . Arsenic contamination may be caused by the leaching of arsenic compounds from metal ores, and the use of agricultural pesticides, desiccants and wood preservatives. Arsenic is predominantly present as As(III) and As(V) in the form of arsenite and arsenate, and the acceptable concentration of arsenic in drinking water is limited to 10 mg/L according to the US Environmental Protection Agency (Min and Hering, 1998) .
Although coagulation/flocculation can be used to remove arsenic from water, the main disadvantage is the generation of large volumes of arsenic-contaminated coagulation sludge, and the disposal of such contaminant wastes may be a concern. Adsorption is one of the commonly used techniques to remove arsenic from water. Some sorbents including activated alumina, activated carbon and iron(III) oxide have been reported to be effective for arsenic removal as the sorbent surfaces are positively charged and have anionexchange properties (Lin and Wu, 2001; Dixit and Hering, 2003) . Pretreatment of the biomass surface with common surfactants such as hexadecyl-trimethylammonium bromide and dodecylamine reportedly enhances the sorption capacity for As(V) (Loukidou et al., 2003) .
The development of cost-effective and environmentally friendly adsorbents for pollutant removal has received much attention (Deng and Ting, 2005a) . Fungal biomass, produced as a by-product from the fermentation and pharmaceutical industries, has been used as a promising alternative biosorbent to adsorb metallic ions and shows possible application in water and wastewater treatment. The objective of this research is to prepare an effective biosorbent for arsenic removal. The fungal biomass of Penicillium chrysogenum was modified with PEI and the sorption performances including kinetics and isotherms were studied.
Materials and methods

Materials
The strain Penicillium chrysogenum (No. 3.3890) was purchased from China General Microbiological Culture Center, Beijing, China, and details of the mycelium preparation have been described earlier (Deng and Ting, 2005a) . Polyethylenimine (molecular weight 25,000, branched polymer (-NHCH 2 CH 2 -) x (-N(CH 2 CH 2 NH 2 )CH 2 CH 2 -) y ), 4-bromobutyrylchloride (BBC), and tert-amyl alcohol were purchased from Sigma-Aldrich Company. Na 2 HAsO 4 ·7H 2 O (KR Grade, Aldrich, USA) and NaAsO 2 (GR Grade, Sigma, USA) were used as adsorbates to represent arsenate and arsenite, respectively. Other chemicals were of reagent grade.
Preparation of surface-modified biomass
The modified biosorbent was prepared by chemically grafting polyethylenimine (PEI) on the fungal biomass of P. chrysogenum through a two-step reaction. The detailed preparation procedures are as follows. An amount of 10 g dried biomass was placed in 2.5 mL of pyridine in 95 mL of chloroform, followed by dropwise addition of 5 mL of 4-bromobutyrylchloride. The reaction mixture was sealed and gently stirred at 25 8C for 12 h. The acylated biomass was rinsed with chloroform to remove any unreacted 4-bromobutyrylchloride before being immersed in a mixture containing 10 g of PEI and 0.1 g of KOH in 90 mL of tert-amyl alcohol. After stirring at 75 8C for 24 h, the modified biomass was rinsed with copious quantities of methanol and deionised water. Finally, the biomass was freeze-dried to constant weight.
Zeta potential measurement A 0.1 g of freeze-dried pristine/modified biomass was placed into 100 mL of deionized water and stirred for 2 h. The pH of the solution was adjusted with 0.1 M NaOH or 0.1 M HCl. After 1 h stabilisation, the final solution pH was recorded, and the supernatant with small fragments was then decanted and used to conduct zeta potential measurements with a Zeta-Plus4 instrument (Brookhaven Corp., USA). All data were determined five times, and the average value was adopted.
Sorption experiments
Batch adsorption experiments were carried out in 250 mL flasks, each of which contained 100 mL of arsenic solution. A 0.05 g amount of biosorbent was added into a flask and shaken at 140 rpm in a thermostatic shaker at 25 8C for 15 h. For the kinetic experiments, arsenic concentration was 1 mM and the initial solution pH were 5 for As(V) and 10 for As(III), and samples were taken at various time intervals. The investigation on the effect of solution pH on arsenic adsorption was conducted at an initial arsenic concentration of 1 mM, with the initial solution pH varying from 3 to 11. In the sorption isotherm experiments, the initial pH was 5 for As(V) and 10 for As(III) solution, and the arsenic concentrations varied from 0.5 to 5 mM. After the experiment, the biomass was filtered and the arsenic concentrations in the filtrate were analysed using an inductively coupled plasma emission spectrometer (ICP-ES, Perkin Elmer Optima 3000, USA).
Results and discussion
Modification reactions
The hydroxyl and amine groups were found to be present on the fungal biomass in our previous study (Deng and Ting, 2005b) . When the biomass reacted with 4-bromobutyrylchloride, -COCl groups reacted easily with the hydroxyl and amine groups on the biomass surface. The acylated biomass then reacted with the amine groups in PEI molecules and Br in BBC was replaced by the amine groups in PEI molecules. The corresponding change in the molecular structure during the preparation of the adsorbent may be proposed as shown in Figure 1 . The amino group as a representative for amine groups on the biomass surface participated in the reaction shown in the reaction. As shown in Figure 1 , after the modification, long chains of PEI were produced on the biomass surface which provided much more amine sites for metal adsorption and thus would enhance the sorption capacity for metal ions.
Effect of pH on biosorption
Solution pH not only affects the sorbent surface electrostatic property, but also influences arsenic speciation in solution. Figure 2 shows the zeta potentials of the pristine and PEImodified biomass as a function of solution pH from 2 to 11. It can be seen that the modified biomass possessed positive zeta potentials over a wide range of pH values (pH below 10.4), while the pristine biomass had a zero zeta potential at pH 3.5, which may be attributed to the presence of the high density of amine groups in the long chains of PEI molecules on the modified surface. The amine groups including primary and secondary amine groups may be protonated in solution at pH up to 10.5, which rendered the surface positively charged (Trimaille et al., 2003) . Therefore, this biosorbent is favourable for the removal of anions from aqueous solution from the viewpoint of electrostatic interaction.
The effects of solution pH on arsenate sorption on the pristine and PEI-modified biomass are shown in Figure 3 (a). It can be seen that arsenate displays a trend of decreased sorption on the modified biomass with increase in solution pH. At pH 3, the sorption capacity was 1.53 mmol/g, and almost no sorption of arsenate took place at pH 11, while the sorption capacity of the pristine biomass was only about 0.23 mmol/g at pH 3. It is evident that the sorption capacity for arsenate increased significantly when PEI was grafted on the biomass surface. From the result of the arsenate species shown in Figure  3 (b), it can be seen that the H 3 AsO 4 species are predominant at pH below 2.5, and the H 2 AsO 2 4 is the main species in solution at pH from 3 to 6, while the HAsO 22 4 and AsO 32 4 become major species at pH above 8. Therefore, arsenate species exist mainly as anions over the pH range investigated. Since the zeta potentials of the modified biomass were positive at pH below 10.4 (see Figure 2 ), the electrostatic interaction between the biomass and the arsenate ions was electrically attractive at pH below 10.4 and repulsive at pH above 10.4. With the increase of solution pH, the electrical attraction force became weaker and the sorption capacity decreased. The low sorption which occurred at pH above 10.4 may be attributed to physical sorption via van der Waals force, etc. The protonated amine groups adsorb anionic arsenate (H 2 AsO 2 4 and HAsO 22 4 ) via electrostatic attraction as follows (using -NH 2 and H 2 AsO 2 4 as representatives): 
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, arsenite is present as H 3 AsO 3 species at pH below 7, while the H 2 AsO 2 3 is formed at pH above 7 and becomes the main species in solution at pH above 9.5. Owing to only the presence of nonionic species of H 3 AsO 3 , no arsenite sorption took place at pH below 6, while electrical attraction dominated the sorption of the H 2 AsO 2 3 anions on the biomass surface. However, the sorption capacity was relatively low due to the low positive charge of the biomass surface at pH above 8. Likewise, the sorption of H 2 AsO 2 3 anions on the positive biomass surface via electrostatic interaction may be proposed as follows with (-NH 2 as a representative):
Sorption kinetics
The adsorption kinetics of arsenate and arsenite on the modified biomass is shown in Figure 5 (a). It can be seen that the sorption was rapid before 2 h and the adsorption equilibrium for arsenate and arsenite was achieved within 4 h. The pseudo-first-order and pseudo-second-order kinetic models were used to describe the experimental data. The pseudo-first-order kinetic model has the following form (Ho and McKay, 1999) :
where q and q e are the solid phase arsenic concentrations at any time (t) and at the equilibrium (mmol/g), respectively and k 1 is the first order rate constant (min 21 ). q e is 1.39 mmol/g for arsenate and 0.15 mmol/g for arsenite as obtained from Figure 5(a) . When the experimental data were plotted in the form of ln(1 2 q/q e ) vs. time (0 -6 h), two straight lines were obtained as shown in Figure 5(b) and the corresponding first-order rate constant (k 1 ) are shown in Table 1 . It can be seen that k 1 was 2 0.013 min 21 for arsenate and 20.010 min 21 for arsenite. From the R 2 values, the pseudo-first-order model did not fit the experimental data well. The pseudo-second-order equation was adopted to describe the sorption kinetic data. The equation is (Ho and McKay, 2000) 
where k 2 is the rate constant for a pseudo-second-order adsorption (g mmol 21 min 21 ), q e is the adsorption capacity at equilibrium and v 0 represents the initial sorption rate (mmol g 21 min 21 ). The parameters of q e and k 2 were obtained experimentally from the slope and intercept of the plot of t/q t vs. t. Results using the pseudo-second-order equation for arsenic sorption kinetics are presented in Figure 5 (c) and the corresponding parameters and regression coefficients for the plot are shown in Table 1 . The good fit (R 2 ¼ 0.999) obtained for both arsenate and arsenite indicates that the biosorption conforms to pseudo-second-order reaction mechanism. The initial sorption rate (v 0 ) was 0.057 mmol g 21 min 21 for arsenate and 0.005 mmol g 21 min 21 for arsenite, indicating arsenate sorption at pH 5 was faster than arsenite sorption at pH 10.
Sorption isotherm
The sorption isotherm experiments for arsenate and arsenite were conducted at 20 and 35 8C, respectively, and respective experimental data are presented in Figure 6 (a) and (b). For both arsenate and arsenite, the sorption capacity at 20 8C was higher than that at 35 8C when the same initial arsenic concentrations were used, indicating that a lower temperature was favourable for arsenic sorption.
The experimental data were fitted by Freundlich and Langmuir models, expressed respectively as:
where a is a constant representing the sorption capacity and n is a constant depicting the sorption intensity; q m is the maximum amount of adsorption (mmol g 21 ), b is the sorption equilibrium constant (L mmol 21 ) and C e is the equilibrium concentration of the arsenic in the solution (mmol L 21 ). Compared with the Freundlich model, the Langmuir model fitted the data well as shown in Figure 6 and Table 3 . According to the Langmuir equation, the maximum sorption capacities for arsenate and arsenite at 20 8C were 2.18 and 0.23 mmol/g, respectively.
Many adsorbents have been used to adsorb arsenite and arsenate. Table 4 compares the maximum sorption capacities of the PEI-modified biomass for As(III) and As(V) with several sorbents reported in the literature. It can be seen that the sorption capacity of the PEI-modified biomass for As(V) is higher than other sorbents except for ion oxide. However, the PEI-modified biomass has a lower sorption capacity for As(III) than the iron oxide and char-carbon. It is evident that the PEI-modified biomass is suitable for arsenate sorption.
Additionally, the thermodynamics parameters including the Gibbs free energy (DG8), standard enthalpy change (DH8) and standard entropy change (DS8) were also calculated. 
where K corresponds to b in the Langmuir equation; T is the temperature (K) and R is the ideal gas constant (8.3145 J mol 21 K 21 ). The obtained thermodynamics parameters are shown in Table 3 . The Gibbs free energy of adsorption for arsenate and arsenite at 20 8C was calculated to be 221.14 and 2 18.76 kJ mol 21 , respectively, while it increased to 2 21.71 and 220.12 kJ mol 21 , respectively, when the temperature was increased to 35 8C. The negative values of DG 0 indicate that the arsenic sorption on the modified biomass was spontaneous under the experimental conditions. The standard entropy change (DS8) was found to be 0.038 and 0.091 kJ mol 21 K 21 for arsenate and arsenite, respectively, and the positive values indicate the affinity of the biomass for the adsorbates. The negative standard enthalpy change (DH8) for arsenate indicates that the process is exothermic, while the positive value for arsenite suggest the sorption on the biomass is endothermic.
Conclusions
The modified fungal biomass with amine groups is effective for anionic arsenic removal. The sorption capacity for As(V) at pH 5 at 20 8C was 2.18 mmol/g, but the sorption capacity for As(III) was low due to the nonionic species in water. The sorption capacity for As(V) decreased with increasing solution pH, while the maximum sorption capacity for As(III) was achieved at pH 10. The thermodynamic calculation shows that the As(V) sorption was spontaneous and exothermic, while the sorption process for As(III) was spontaneous and endothermic. The PEI-modified biomass has a potential application for arsenic removal in water treatment. 
